 ABSTRACT A range of stable ytterbium(II) aminoether-phenolato amido complexes of the type {LO NxOy }Yb{N(SiMe 3 ) 2 }, together with a congeneric samarium(II) and two calcium and strontium amido and alkyl derivatives, have been synthesized. They constitute very active, fully regioselective (anti-Markovnikov) and chemoselective precatalysts for the intermolecular hydrophosphination of styrene derivatives with PhPH 2 , achieving TON up to 2,150, TOF up to 30 h -1 and chemoselectivity in the region 95-99%. The ytterbium (II) precatalysts, amongst which most prominently {LO NO4 }Yb{N(SiMe 3 ) 2 } (3) where the ligand possesses a 15-c-5-aza-crown-ether side-arm, outperform their related calcium analogues and the activity of the catalyst increases substantially with the denticity of the ligand. The rate law rate = k.[p-t Bu-styrene]. [3] was established following kinetic monitoring of the hydrophosphination of p-t Bu-styrene and PhPH 2 catalyzed by 3. The kinetic studies also revealed that the reactions are entropically driven, and that reaction rates increase when electron-withdrawing groups are introduced in para position of the styrenic substrate. It is proposed that these catalyzed hydrophosphination reactions proceed by rate-limiting olefin insertion into the [Yb]-phosphide bond. The chemoselective one-pot, two-step double hydrophosphination of PhPH 2 with two equiv of styrene yields tertiary phosphines. It obeys an unusual kinetic profile where formation of the tertiary phosphine starts only when complete consumption of PhPH 2 is first ensured. This sequence was used to obtain asymmetric tertiary phosphines with excellent selectivity.
 INTRODUCTION
The creation of CP bonds by catalyzed intermolecular hydrophosphination of activated alkenes (acrylonitrile, acrylates, dienes and styrene) has been the focus of increasing attention in recent years, because it affords a clean, atom-efficient access to valuable phosphine derivatives. 1 This catalysis originally relied prominently on catalysts designed around nickel, 2 palladium, 3 platinum 4 with Michael-type substrates or, at the opposite end of the d block, lanthanides. 5 The development of these earlier catalysts has been covered in many a comprehensive review. 6 More recently, systems based on copper, 7 iron, 1f tin 8 or more oxophilic metals, e.g. titanium/zirconium, 9 alkaline earths 10 and divalent lanthanides, 10c-d,11 have also proved very competent. A case of FLP-mediated hydrophosphination of alkenes has also been reported. 12 A substantial breakthrough was Waterman and coworkers' account of a zirconium precatalyst for the hydrophosphination of unactivated alkenes such as 1-hexene, a remarkable result for such notoriously reluctant substrates. 9b Substrate scope in this catalysis remains in fact rather limited, and chiefly involves the benchmark hydrophosphination of activated olefins with the ubiquitous diphenylphosphine. Reactions with primary phosphines such as phenylphosphine remain rather seldom, 8a,9b-c,11 although the resulting secondary phosphine products are of obvious interest to organic and coordination chemists alike.
Even if trivalent lanthanide (Ln) complexes catalyze the polymerization, 13 hydrogenation, 14 hydrosilylation, 15 hydroamination, 16 hydrophosphination, 17 hydroalkoxylation, 18 The molecular solid-state structure of 7 depicted in Figure 1 features one of the four equivalent molecules found in the asymmetric unit. It shows a monometallic complex with a 6-coordinate calcium atom sitting in a much distorted octahedral geometry and  4coordination of the aminoether-phenolate. All CaO and CaN bond distances in 7 are regular, and are for instance comparable to those in the related amido complex {LO NO2 }Ca{N(SiMe 2 H) 2 }•THF. 27 The CaC (41) bond length is substantially longer in 7
(2.570(4) Å) than in its precursor Ca{CH(SiMe 3 ) 2 } 2 •(THF) 2 (2.493(2) Å) 28 or in Ca{CH(SiMe 3 ) 2 } 2 •(dioxane) 2 (2.483(5) Å), 29 and compares better with that measured in the The structure of 3 is displayed in Figure 2 . It depicts a THF-free, monometallic complex with the ytterbium lying in a 7-coordinate environment. Amongst the main structural features, the Yb1O1 distance of 2.277(2) Å to the O phenolate atom matches that in 2 (2.245(12 Å)), and it is a little longer than in the calcium congener {LO NO4 }Ca{N(SiMe 3 ) 2 }, 2.211(2) Å. 27 However, the Yb1N2 amido bond length in 3 (2.466(2) Å) is greater than in 2 (2.326 (16) 
Hydrophosphination catalysis
The performances of the precatalysts chemoselective, affording the secondary phosphine (sec-P) in >95% selectivity, that is, less than 5% of tertiary phosphine formed upon double (stepwise) hydrophosphination. The monohydrophosphination was regiospecific, generating exclusively the anti-Markovnikov product sec-P, with no indication for the formation of its regioisomer. Several trends emerge from entries 112 in Table 1 : (i) the best two precatalysts are by a long margin the Ln(II) complexes 3 (Yb) and 4 (Sm) supported by the ligand {LO NO4 }  of highest denticity, the ytterbium one actually faring better (entries 58); (ii) for a given metal, the activity increases with the denticity of the ligand, compare entries 3, 4 and 5 for ytterbium, or entries 9 and 10 for calcium; (iii) with the tetradentate {LO ON2 }  ligand, the ytterbium(II)
complexes are more efficient than their calcium analogues, compare entries 4 and 1012.
Note that 8 is not particularly efficient at 60 °C, presumably owing to its propensity for kinetic lability. The poor efficiency of the ytterbium(II) complex 1 (entry 3) in comparison with that of its calcium derivative 5 (entry 9) can be attributed to its limited solubility; (iv) the Scheme 2. Synthesis of tertiary phosphines by one-pot, two-step reaction catalyzed by 3. [3] 0 , which was also a straight line (Figure 7) . The rate law for the hydrophosphination of p-t Bu-styrene with PhPH 2 catalyzed by 3 therefore agrees to the idealized equation (1):
Kinetic analysis
The activation parameters H ‡ = 7.2 kcal·mol -1 and S ‡ = 46.4 cal·mol -1 ·K -1 were determined for the reaction by Eyring analysis performed in the temperature range 25 to 75 °C (Figure 8 ). This corresponds to a G ‡ value of 21.0 kcal·mol -1 at 25 °C. These values indicate that the reaction is essentially controlled by a high entropic barrier, with an associative mechanism involving a very ordered transition state. Occurrences of large activation entropy such as that observed here have been mentioned before. It has been reported in other pioneering computational and kinetic works in thiourea catalysis, 33 or in the metal-templated synthesis of [3]-rotaxanes. 34 In our case, it may perhaps be linked to substantial stiffening of the otherwise very flexible ligand aza-crown-ether side-arm in the transition state, although we cannot provide evidence to support this claim. The influence of the substituent in styrene derivatives mentioned above was probed in more detail by monitoring the kinetics for the hydrophosphination between PhPH 2 and substituted para-X-styrene derivatives (p-X-styrene, with X chosen amongst CF 3 , F, Cl, Br, H, t Bu, Me, OMe) or meta-OMe-styrene. With p-CF 3 -styrene, the immediate formation of a black precipitate indicative of catalyst decomposition was seen, presumably by reaction between the complex and the fluorinated group. From the plots given in Figure 9 , the observed zero-order rate constants k obs can be deduced immediately. The reactions with p-Clstyrene and p-Br-styrene were very fast and only a few data points could be recorded before full conversion. Figure 9 confirms that reaction rates globally increase with the Hammett  constant of the substituents (except for the peculiarly low rate observed for p-F) with the sequence p-OMe ( p = 0.27) < p-t Bu ( p = 0.20) < p-Me ( p = 0.17) < p-F ( p = 0.06) < p-H ( p = 0) < m-OMe ( m = 0.12) < p-Br ( p = 0.23) ≈ p-Cl ( p = 0.23). 35 The lower reaction rates observed for p-F-styrene as compared with styrene are surprising, but the reproducibility between independent tests was excellent; it must reflect a concrete experimental fact or mechanistic feature which we cannot rationalize at this time. 36 That the reaction rates overall increase with the Hammett  constants of the substituents on the aromatic ring in the styrene derivatives suggests that bond polarization occurs, with a transition state having a negative charge developing on the carbon atom inposition to the aromatic ring. This replicates the scenario known for alkalino-earth catalysts. 10 Based on this analogy with Ae-catalysis and the rate law in equation (1), we propose that these hydrophosphination reactions proceed by turnover-limiting olefin insertion into the [Yb]phosphide bond (Scheme 3). The tailing off observed in the reactions with styrene (X = H) may be due to a concentration gradient which slows reactivity in the J-Young NMR tube, as mentioned previously (Table 1 , entries 6, 13 and 20). -p-X-styrene Scheme 3. Proposed mechanism for the hydrophosphination of styrene derivatives with PhPH 2 catalyzed by Ln(II) precatalysts, illustrated here with 3.
Consecutive hydrophosphinations
The kinetics of the catalyzed reaction between p-t Bu-styrene and two equiv of PhPH 2 leading to the formation of the secondary (sec-P) and tertiary (tert-P) phosphines by mono-and dihydrophosphination, respectively, were monitored to inform ourselves about the chemoselectivity of this process. The reaction was carried out in benzene-d 6 at 25 °C, with The formation of sec-P is fully chemospecific, and it is only when the whole of PhPH 2 has been converted into sec-P that the formation of tert-P begins, after nearly 5 h. As expected owing to the zeroth-order dependence in [PhPH 2 ], the rate of consumption of PhPH 2 is linear for at least 120 min, at which point a regime of substrate depletion is reached. The rate of consumption of styrene in the first phase (corresponding to the formation of sec-P, t < 300 min) and in its second phase (formation of tert-P, t > 300 min) shows the expected first-order dependence in [p-t Bu-styrene]. Remarkably, they exhibit observed rate constants that are commensurate, k obs,1 = 4.667(1)·10 5 s 1 and k obs,2 = 11.500(1)·10 5 s 1 , respectively.
Similarly, the rate of consumption of sec-P in the second phase (k 2 = 6.815(1)·10 -3 mol.L -1 .s -1 ) is comparable to that measured during the first phase for the conversion of PhPH 2 (k 1 = 8.275(1)·10 -3 mol.L -1 .s -1 ). In other words, the rates of the reaction of a primary (PhPH 2 ) and a secondary (sec-P) phosphine with p-t Bu-styrene are very similar. On this basis, it is remarkable that the formation of tert-P only starts occurring when complete consumption of PhPH 2 and quantitative formation of sec-P are ensured, after ca. 300 min. These events are also concomitant with a reacceleration of the rate of consumption of p-t Bu-styrene (blue trace in Figure 10 ). These observations strongly suggest that, although the secondary phosphine is competitive in terms of kinetics, the -bond metathesis of the reaction intermediate with the secondary phosphine is much slower than that with the primary phosphine.
 CONCLUSION Ytterbium(II) aminoether-phenolato complexes constitute very competent precatalysts for the intermolecular hydrophosphination of activated alkenes, illustrated here in the case of styrenic substrates. The catalyzed reactions also work for conjugated dienes, e.g. isoprene, but the reactivity of the catalyst is not sufficient to warrant the hydrophosphination of unactivated alkenes. For instance, the hydrophosphination of 1-nonene with PhPH 2 catalyzed by 3 only reaches 3% conversion after 70 h at 60 °C. Perhaps this situation could be improved by preparing alkyl derivatives of 3, and we are working in this aim. In the meantime, Waterman's zirconium alkyl-amido complex remains unique with this respect. 9b
The differences between alkalino-earth metals and divalent lanthanides in this very catalysis are plain, with in particular ytterbium(II) clearly surpassing the more common Ae, and especially calcium, precatalysts. With these ytterbium(II) aminoether-phenolato species, the catalytic activity increases substantially with the denticity of the ligand. The opposite was found in the Ae-mediated hydroamination of aminoalkenes, 38 whereas there was no clear trend in Ae-promoted intermolecular alkene hydrophosphination. 10b-c One of the most salient properties of these ytterbium(II) hydrophosphination precatalysts, and amongst these most prominently the kinetically stabilized  EXPERIMENTAL SECTION General procedures. NMR spectra were recorded on Bruker AC-400 and AM-500 spectrometers. All chemicals 1 H and 13 C shifts were determined using residual signals of the deuterated solvents and were calibrated vs. SiMe 4 . Assignment of the signals was carried out using 1D ( 1 H, 13 C{ 1 H}) and 2D (COSY, HMBC, HMQC) NMR experiments. 31 P NMR spectra were calibrated vs. phosphoric acid. All coupling constants are given in Hertz.
Elemental analyses were performed on a Carlo Erba 1108 Elemental Analyser instrument at the London Metropolitan University by Stephen Boyer and were the average of a minimum of two independent measurements. HN(SiMe 3 ) 2 (Acros) was dried over activated 3 Å molecular sieves and distilled under reduced pressure prior to use. Solvents (THF, Et 2 O, CH 2 Cl 2 , pentane and toluene) were purified and dried (water contents all below 6 ppm) over alumina columns (MBraun SPS). THF was further distilled under argon from sodium mirror/benzophenone ketyl prior to use. All deuterated solvents (Eurisotop, Saclay, France) were stored in sealed ampoules over activated 3 Å molecular sieves and were thoroughly degassed by several freeze-thaw cycles. The precursors Ln{N(SiMe 3 ) 2 } 2 (THF) x (Ln = Yb, x = 1; Sm, x = 2), 39 Ca{CH(SiMe 3 ) 2 } 2 •(THF) 2 28 and the aminoether-phenol protio-ligands 24 were prepared as described elsewhere. The syntheses of the divalent lanthanide 1-4 11b and alkalinoearth 5-6 24 were reported previously, and the readers are referred to the relevant articles for all synthetic and characterization details. Despite repeated attempts performed on crystalline samples from different batches, satisfactory elemental analysis could not be obtained for compounds 7 and 8, most probably because of their extreme and moisture sensitivity. Styrenic substrates (Acros / Aldrich) were vacuum-distilled over CaH 2 and then degassed by freezepump-thaw methods. Phenylphosphine was purchased from Aldrich and used as received.
X-ray diffraction crystallography. Diffraction data for complex 7 (CCDC 1468793) were collected at 150(2) K using a Bruker APEX CCD diffractometer with graphitemonochromated MoK radiation ( = 0.71073 Å). A combination of  and  scans was carried out to obtain at least a unique data set. The crystal structures were solved by direct methods, remaining atoms were located from difference Fourier synthesis followed by fullmatrix least-squares refinement based on F2 (programs SIR97 and SHELXL-97). 40 Many hydrogen atoms could be found from the Fourier difference analysis. Carbon-bound hydrogen atoms were placed at calculated positions and forced to ride on the attached atom. The hydrogen atom contributions were calculated but not refined. All non-hydrogen atoms were refined with anisotropic displacement parameters. The locations of the largest peaks in the final difference Fourier map calculation as well as the magnitude of the residual electron densities were of no chemical significance. The crystallographic data for 3 (CCDC 1045763) were collected on a Xcalibur Eos diffractometer (graphite monochromated, MoKα radiation, ω-scan technique, λ = 0.71073 Å, T = 100(2) K). Its structure was solved by direct methods and was refined on F 2 using the SHELXTL v. 6.12 package. 41 All non-hydrogen atoms were found from Fourier syntheses of electron density and were refined anisotropically. All hydrogen atoms were placed in calculated positions and were refined in the riding model. 
Hydrophosphination experiments.
In a typical reaction with neat substrates, the precatalyst was loaded in an NMR tube in the glove-box. p-t Bu-styrene and PhPH 2 were then added in and the reaction time started after quickly placing the NMR tube in an oil bath preheated at the desired temperature. After the desired reaction time, the NMR tube was open to air, nondried benzene-d 6 was added to the reaction mixture, and the 1 H NMR spectrum was recorded.
Conversion was determined by integrating the remaining p-t Bu-styrene and the newly formed addition product. Reactions in dry benzene-d 6 were carried out in similar manner, but adding the solvent at the same time as the substrates to the NMR tube.
{LO NO2 }CaCH(SiMe 3 ) 2 •THF (7). At room temperature, a solution of {LO NO2 }H (0.35 g, 1.00 mmol) in pentane (10 mL) was added slowly to a solution of Ca{CH(SiMe 3 ) 2 } 2 •(THF) 2 (0.52 g, 1.03 mmol) in pentane (10 mL). After 6 h, the reaction solution was concentrated to 5 mL, giving a white precipitate which was isolated by filtration. The resulting powder was dried in vacuo to constant weight to afford 7 as a colorless powder (0.40 g, 70%). Singlecrystals suitable for X-ray diffraction crystallography were obtained by recrystallization from a concentrated pentane/benzene mixture. 1 H NMR (benzene-d 6 , 298 K, 500.13 MHz):  7.58 (d, 4 J HH = 2.4 Hz, 1H, m-H), 6.96 (d, 4 {LO NO2 }Sr{CH(SiMe 3 ) 2 } (8). Following the same procedure as that described for 7, {LO NO2 }H (0.40 g, 1.14 mmol) was reacted with Sr{CH(SiMe 3 ) 2 } 2 •(THF) 3 (0.73 g, 1.17 mmol) to give 8 as a white powder (0.38 g, 55%). 1  ASSOCIATED CONTENTS XRD structures of 3 and 7 added as CIF files. 1 H NMR spectra for monitored catalyzed reactions.
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